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ABSTRACT: This study aims to optimize an arrangement of ship compartments with knowledge-based systems. Though great 
attention has been shown to the optimization of hull forms in recent years, the study on arrangement design optimization has 
received relatively little attention. A ship is both an engineering system and a kind of assembly of many spaces. This means that, 
to design an arrangement of ship compartments, it is necessary to treat not only geometric data but also knowledge on 
topological relations between spaces and components of a ship. In this regard, we select a suitable knowledge representation 
scheme for describing ship compartments and their relations, and then develop a knowledge-based system using expert system 
shell. This new approach is applied to create design variations for optimization on an arrangement of a pressure hull of a 
submerged vehicle. Finally, we explicate how our approach improves the design process. 
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INTRODUCTION 
 
A ship is both an engineering system and an assembly of 
many spaces. Furthermore, not only is a large ship one of the 
biggest structures; it also is one of the most complex 
engineering systems. In this viewpoint, it is difficult for 
designers to decide the best specification by simple trial and 
error. In each design phase, ship designers need specific 
methods and tools that support them in fulfilling their tasks. 
Optimization is one of the efficient methods to help them. 
In an actual ship design, designers have to consider a hull 
form and its arrangement simultaneously. Since a hull form 
and an arrangement of its compartments are interrelated in 
many respects. An arrangement and positions of components 
of a hull also are the same. This means that, to design an 
arrangement of ship compartments, it is necessary to treat not 
only geometric data but also knowledge on topological 
relations between spaces and components of a hull. Though, 
however, great attention such as Abt and Harries (2007) has 
been shown to the optimization of hull forms in recent years, 
the study on an optimization of an arrangement has received 
relatively little attention such as Boulougouris, Papanikolaou 
and Zaraphonitis (2004). With awareness of this issue, A. 
Papanikolaou emphasized the importance of the holistic 
design optimization in Papanikolaou (2010). In this study, in 
sympathy with his opinion, we attempt to optimize an 
arrangement of ship compartments with geometric model and 
knowledge on ship compartments. 
Because the present paper is primarily focused to an 
arrangement of compartments in scope, we will neglect to 
any arguments as to the measure of performances of a hull 
form, although it is absolutely sure that geometric model of a 
hull form can be evaluated by the measure of performances 
such as resistance. We suggest a new approach to be able to 
optimize an arrangement of compartments of a ship. And we 
will apply it to design an arrangement of a pressure hull of a 
small submarine. 
 
 
 
SUMMARY OF NEW APPROACH 
 
To optimize an arrangement of ship compartments, we 
suggest a new approach as shown in Figure 1. To create 
design alternatives, ship compartments are modelled with 
CAD systems which support a parametric modelling and a 
calculation of geometric properties such as their volume and 
center of buoyancy and so on. And the knowledge about ship 
compartments is described in an Expert System (ES). We use 
a frame-ontology for a knowledge representation scheme and 
convert it to a knowledge base (KB) of an ES. 
As shown in Fig. 1, an optimization process consists of 
three sub-modules, i.e. a design variation, an evaluation of 
design alternatives and an optimization algorithm. When the 
optimization algorithm changes values of design variables, 
the design variation module passes the values to the CAD 
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system (a parametric modeller) and the KB of the ES. Then 
the CAD system calculates the geometric properties of the 
hull form and the arrangement of ship compartments and 
passes the values of geometric properties to the design 
alternatives evaluation module for evaluating and to the 
expert system to modify slot values of facts of the KB. At the 
end, the expert system check own rules and returns a penalty 
function to optimization process. 
 
Fig. 1 Schematic diagram of a new approach. 
 
Because the problem of a design optimization is mainly a 
non-linear programming and has normally more than one 
objective function, we choose Non-Sorting Genetic 
Algorithm 2 (Deb, Pratap, Agarwal and Meyarivan, 2002) as 
an optimization algorithm. 
When the algorithm generates design variations, the 
objectives have always to be calculated automatically. At this 
moment, human designers cannot intervene in an evaluation 
of the design alternatives. For that reason, we need an agent 
to act for us. That is why we choose the ES as the part of 
design alternative evaluation module. 
 
 
 
KNOWLEDGE ON TOPOLOGICAL RELATIONS 
 
Before clarifying the concept of ontology, it might be 
useful to briefly consider data, information and knowledge. 
There were several attempts to define differences between 
them (Ackoff, 1989). To put it bluntly, data are symbols and 
information is data that are processed to be useful. 
Knowledge is application of data and information; answers 
“how” questions. In these definitions, it does not seem to rash 
to suggest that knowledge is an ability to apply apt 
information to a certain situation. 
 
Knowledge Representation 
 
According to Gruber’s definition (1993), ontologies are 
explicit formal specifications of the terms in the domain and 
relations among them. Ontologies consist of concepts in the 
domain and properties of each concept. And ontologies 
together with a set of individual instances of classes constitute 
a knowledge base. Sharing common understanding of the 
structure of information among people or software agents is 
one of the more common goals in developing ontologies. 
As previously stated, we need an agent to evaluate the 
design alternatives in place of human designers. In this point 
of view, ontology is an adequate and effective step. 
 
Build Ontology 
 
We build a ship compartment ontology on the steps of 
Noy and McGuinness (2000) using Protégé version 3.4.4 (Fig. 
2). Protégé is a free, open source ontology editor and 
knowledge-based framework (http://protege.stanford.edu). 
We determined the domain of the ontology as ship 
compartments and limited the scope to the components 
related to trim conditions. Then we chose three important 
terms: 
 
x Compartment 
x Partition 
x Load item 
 
 
 
Fig. 2 Class editor of Protégé 3.4.4. 
 
Each term is a concept (or class) of a component of a ship. 
They have ‘is-a’ relation with the top-level concept. In 
accordance with the top-down approach, we added sub-
classes of them and made a hierarchy of the terms. Partition 
is classified into longitudinal partition and transverse 
partition with its direction. And load item is classified into 
discrete- and continuum type with its form. We defined the 
properties of the classes after we set the class hierarchy as 
shown in Fig. 3. Compartment class has five properties: 
 
x hasVolume 
x hasLcb 
x isLocatedIn 
x contains 
x hasPartition 
 
The property ‘hasVolume’ has a value of the volume of 
the compartment. The property ‘hasLcb’ is the abscissa of the 
centre of buoyancy. The property ‘isLocatedIn’ explains in 
which the compartment is located. These properties just have 
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a real number or a symbol. The property ‘contains’ and 
‘hasPartition’, on the other hand, represent the relation 
between the instances of the classes. 
The property ‘contains’ has the instance of the partition 
class as the allowed value and is the inverse-property of the 
property ‘isInstalledIn’ of the partition class. 
 
 
Fig. 3 Ontology of submarine components. 
 
Create instances 
 
The ontology with instances of its classes becomes the 
source of a knowledge base for an expert system. In Fig. 4 
instance editor helps us to create instances. Each instance has 
the properties defined previously. 
 
 
 
Fig. 4 Instance editor of Protégé 3.4.4. 
Knowledge base of expert system 
 
An Expert System Shell is one of the main tools available 
to help with development of ESs. As shown in Fig. 5, it 
provides a framework to produce an ES. 
 
 
 
Fig. 5 Expert system shell. 
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To produce an ES, we simply add a knowledge base and 
rules to this framework. As the expert system shell, Java 
Expert System Shell (JESS http://www.jessrules.com) is 
selected. JESS is a rule engine for the Java platform – it is a 
superset of CLIPS (C Language Implementation Production 
System) programming language. It provides a rule-based 
programming. 
And, to map the ontology with instances of classes onto 
facts of a knowledge base, we adopted JessTab 
(http://www.ida.liu.se/~her/JessTab) which is a plug-in for 
Protégé that allows using Jess and Protégé together. Not only 
does it map Protégé ontology to JESS facts as shown in Fig. 
6; it also allows searching and managing the ontology. 
 
 
 
Fig. 6 Mapping of Protégé ontology to facts of ES. 
 
Expert system 
 
An ES is designed with JESS language. It is available to 
be written with the extension “.clp” on JessTab or any text 
editor. The file has to include the following parts: 
 
x Rules to evaluate the topological relations between 
compartments. 
x Routines to modify slot values of facts. 
x Functions to calculate the physical characteristics of 
design alternatives. 
x Routines to manage I/O files. 
 
 
 
THE OTHER PARTS OF OUR SYSTEM 
 
Tool for parametric modeling and optimization 
 
There are many powerful tools to design the parametric 
model. The CAE system Friendship-framework is one of 
them (http://www.friendship-systems.com). It is an 
integration platform for the simulation-driven design of 
functional surfaces like ship hulls. However it also supplies a 
wide range of functionality for simulation-driven design such 
as algorithms for systematic variation and optimization. 
 
Optimization algorithm 
 
NSGA-2 (Non-Sorting Genetic Algorithm 2) is the most 
famous algorithm of the multi-objective evolutionary 
algorithms and is based on non-dominated sorting approach 
according to Pareto optimality (Deb, Pratap, Agarwal and 
Meyarivan, 2002). In our approach we define two objectives 
from the geometric properties of model and the knowledge 
on topological relations of compartments. Because, 
fortunately, Friendship-framework supplies the NSGA-2, we 
could easily adopt NSGA-2 into our system. 
 
 
 
CASE STUDY 
 
Problem description 
 
This chapter deals with a case study of our new approach. 
It is focused on an arrangement of compartments in a 
pressure hull of a small submarine in view point of trim 
conditions. 
 
Feature of submarine hull 
 
A feature of submarine hulls is classified into several 
types by the arrangement of main ballast tanks (MBT) and a 
pressure hull. We will consider the exposed pressure hull as 
shown in Fig. 7. 
 
 
 
Fig. 7 Exposed pressure hull shaped to form. 
 
The spaces between a pressure hull and an outside hull 
are floodable. However all of them cannot serve as main 
ballast tanks and don’t need to. Sonar, torpedo tubes and so 
on are arranged in these spaces. Because some of the spaces 
also serve as nothing, they remain as free floodable (FF) by 
design. 
We modeled an outside hull, a pressure hull and inner 
compartments as shown in Fig. 8. The diameter was 
determined by incorporating a single hull with 2.75m (upper) 
and 2.25m (lower) platforms in configurations of a 2-
platform hull. Four rooms are arranged in each platform. And 
nine tanks and one battery room are arranged at the bottom of 
the pressure hull. 
 
 
 
Fig. 8 3D view of pressure hull model. 
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The rooms to be arranged in upper or lower platform are 
as follows: a command room, an ordnance room, a crew berth, 
an officer berth, a galley & a mess, a store, a propulsion 
machinery room and an auxiliary machinery room. On the 
other hand, a battery room is arranged under the lower 
platform because that is good for reducing the vertical centre 
of gravity of a submarine. In addition, the following tanks are 
also arranged together: a fuel tank, an oxidant tank, a 
lubricating oil tank, a fresh water tank, a sewage tank, a 
compensation tank and two trim tanks. 
 
 
Variable loads 
 
Various load items are generally contained in a 
submarine. However, we just considered variable loads, 
because submarines are in trim by design in the full load 
condition. The items to be changeable in the operation of 
submarine are as follows: 
 
x Provisions and fresh water for crews. 
x Weapons such as torpedo. 
x Special Force Warfare (SPW) team. 
x Fuels and oxidant for air-independent-propulsion systems. 
x Lubrication oil. 
x Variable ballast for trim control. 
 
Among them, provisions, torpedo and SPW team are 
discrete load not to be influenced on their weight by the 
rooms containing them. They only have the minimum area or 
volume required. The others are continua to be influenced by 
their container. They have their own density and the weight 
of them can be calculated by multiplying the volume of 
container by the density. 
 
 
Variable ballast tanks 
 
When the designer determines an arrangement of tanks, 
the most important concern is how to arrange variable ballast 
tanks. In our design concept, 3-tank system of variable ballast 
is adopted as shown in Fig. 9. 
 
 
 
Fig. 9 3-tank system of variable ballast tanks. 
 
When the variable loads are consumed or discharged, the 
change of the weight of envelope volume has to be 
compensated. At this moment, sea water flows into the main 
compensation tank from the outer sea. It is better that the 
compensation tank is located at middle part to compensate 
for loss by a minimum amount. Then the capacities of the 
ballast water of After-Trim Tank (ATT) and Fore-Trim Tank 
(FTT) are controlled by a dedicated pump. ATT and FTT are 
arranged as far away from each other as possible. 
 
Assessment of the capacity 
 
We assessed the capacity of variable ballast tanks 
according to the procedure of Kendal and Creen (2006). Trim 
polygon (also called equilibrium polygon) is useful to assess 
the arrangement. In a nutshell, all possible loading condition 
has to be situated in the inside region of the trim polygon 
boundary as shown Fig. 10. 
 
 
 
Fig. 10 Typical trim polygon. 
 
 
 
 
PARAMETRIC MODEL 
 
Outside hull form 
 
Our model is an axisymmetric tear-drop hull form with a 
parallel mid-body as shown in Figure 10. It is called as MIT 
hull model and is introduced in Jackson (1992). The profile 
of the outside hull is defined by the following equations. 
 
 
 
Fig. 11 MIT hull model with a parallel mid-body. 
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The fixed values are the length of the fore-body, Lf, of 2.4 
times the depth, D, the length of the after-body, La, of 3.6 
times the depth, the forward fullness exponents, nf, of 2.5 and 
the after fullness exponent, na, of 2.75. 
 
Arrangement of compartments 
 
We modelled the cross-section of a pressure hull as 
shown in Fig. 12. The height of the upper platform and the 
lower platform are 2.25 meters and 2.75 meters respectively. 
The rest is for bilge. 
 
 
 
Fig. 12 Cross-sectional design for 2-deck platform 
 
The positions of transverse bulkheads are determined by 
design variables which have the values of 0 to 1. Each 
design value means the ratio of the length of the 
compartment and the length of the remaining deck length as 
shown in Fig. 13. 
 
 
 
Fig. 13 Length of a compartment. 
 
Assignment of the nature of compartments 
 
We preselected the positions of two rooms and two trim 
tanks as shown in Figure 14. The ordnance room has to be 
located at the head of the pressure hull. In addition, for 
reloading the torpedoes, the length of the ordnance room is 
fixed 8 meters long. The propulsion machinery room, on the 
contrary to the ordnance room, has to be located at the end of 
the pressure hull. As far as a shaft length between a motor 
and a propeller is concerned, the shorter the better. Lastly, for 
efficiency of trim control the compensation tank has to be 
located between the trim tanks. 
 
 
 
Fig. 14 Preselected position of compartments. 
 
We assigned the remaining rooms and tanks in the 
pressure hull with design variables for the optimization 
process. The rooms except the battery room are arranged at 
upper or lower platform and the battery room and the tanks 
are arranged at the bottom of hull. 
 
 
 
EXPERT SYSTEM CODE 
 
The agent to do like human experts is developed with the 
JESS language. To evaluate the design alternatives, it will be 
called from an optimization process as an external process in 
Friendship-framework. The expert system code consists of 
four sub-modules: a definition of a template, assertion of 
facts and definitions of rules and functions. 
 
Template and facts 
 
When JessTab maps the ontology onto JESS facts, the 
ontology is translated into a template as shown in Fig. 15. 
And instances are translated into the facts including their slot 
values. 
 
 
 
Fig. 15 Definition of template of Protégé objects. 
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Rules 
 
We defined simple rules for evaluating one of the 
objective functions. The objective function is also called the 
penalty function. The agent can impose a certain penalty by 
the rules. For example, the first rule is able to define as 
shown in Fig. 16. 
 
 
 
Fig. 16 An example of a Jess rule. 
 
For the simple case, four rules are designed to let the 
software agent evaluate the design alternatives: 
 
x The command room cannot come between the crew berth 
and the mess. Since the actions in the command room 
may be disturbed even when crews pass between the crew 
berth and the mess at each meal. When this rule is not 
satisfied, the agent imposes 1-ponit penalty on the design 
alternative. 
x As mentioned earlier, it is better that the compensation tank 
is located at middle part. The agent imposes the ratio of the 
length between the centre of the volume of the 
compensation tank and the centre of the volume of the 
pressure hull to the length of the pressure hull as a penalty. 
x The length between galley & mess and crew or officer 
berth is also imposed as a penalty. 
x The length between propulsion machinery room and fuel 
tank or oxidant tank is the same. 
 
Someone can say that the four rules are not sufficient 
enough to evaluate the arrangement of compartments of a 
pressure hull. Of course that’s right. It is necessary to develop 
more rules to evaluate the arrangement design. However our 
case study was limited to applying the knowledge-based 
system to design the arrangement of the compartments. 
 
Functions 
 
Functions are to assess whether a design alternative 
satisfies the constraints about trim conditions and minimum 
required areas or volumes of the compartments. 
 
 
 
OPTIMIZATION SETTING 
 
There are four sub-settings: design variables, objective 
functions, constraints and the control parameters of the 
optimization algorithm. 
Design variables 
 
The 28 design variables of an optimization are as 
follows: 
 
x Diameter of the pressure hull. 
x The ratio of length to diameter. 
x The start and end point of the pressure hull. 
x 11 variables which have the values of 0 to 1 for 
determining the nature of compartments. 
x 13 variables which have the values of 0.2 to 0.8 for 
determining the position of transverse bulkheads. 
 
In the forth item of this list, four of 15 compartments 
are preselected and the last room and tank occupy the rest 
of the platform and the bilge respectively. And the last item 
is to avoid dividing the room into too tiny room. The length 
of the ordnance room is determined previously and the last 
compartment in each deck occupies the rest. 
 
 
Objective functions 
 
We defined two objective functions to minimize. One is 
the volume of the outside hull which is calculated by the 
Friendship-framework. And the other is the penalty function 
which is calculated by the developed expert system. 
 
 
Constraints 
 
The 19 constraints of an optimization are as follows: 
 
x 8 constraints related to the minimum area of rooms. 
x 6 constraints related to the minimum volume of tanks. 
x 3 constraints whether the loading conditions satisfy the 
trim conditions. 
x A constraint related to the minimum volume of the 
pressure hull. 
x A constraint related to the minimum volume of the MBTs. 
 
 
Control parameters of NSGA-2 
 
Setting of the control parameters of NSGA-2 is as 
follows: 
 
x Generation: 100 
x Population: 56 
x Crossover probability: 0.6 
x Mutation probability: 0.01 
 
 
 
RESULTS AND DISCUSSION 
 
We plotted the results of the optimization as shown in Fig. 
17~18. Here “run” is the number of creating a design 
alternative, namely the number of design alternative. 
Inter J Nav Archit Oc Engng (2011) 3:254~262 261
 
 
 
 
 
Fig. 17 Results of optimization: volume versus run. 
 
 
 
Fig. 18 Results of optimization: penalty versus run. 
 
As can be seen in Fig. 19~20, in the early part of the 
optimization, there is no feasible solution and the points of 
the design alternatives are wide-spread. As the optimization 
proceeds, however, the points have converged. The lower 
limit also can be seen as shown in the figures. This trend can 
be seen more clearly in Fig. 19~20 which are the plots 
without infeasible solutions. The first feasible solution 
emerges at the 578th calculation. And the 5,575th design 
alternative is selected as the optimal solution. Its penalty is 
1.7 point and the volume of its outer hull without any 
appendage is 2,413 m3. 
In the figures, it can be seen that the points are layered. 
As shown in Fig. 20, the trend is more obvious in the plot of 
the penalty function. We believe this phenomenon comes 
from the nonlinearity of the penalty function. Since the 
geometric data and the topological relations are influence on 
the penalty function simultaneously. 
As shown in Fig. 21, although two objective functions 
have a weak positive correlation, the nonlinearity of the 
penalty function also can be seen. 
 
 
 
Fig. 19 Feasible solutions: volume versus run. 
 
 
 
 
Fig. 20 Feasible solutions: penalty versus run. 
 
 
 
Fig. 21 Feasible solutions: volume versus penalty.  
262 Inter J Nav Archit Oc Engng (2011) 3:254~262
 
 
 
The optimal solution is like Fig. 22. It can be a problem 
that the aux machinery room is apart from the propulsion 
machinery room. However, it comes from that we didn’t 
make rules about the relation between the rooms. Not only 
that, as mentioned above, but it is clearly necessary to add 
more rules on the relation among other rooms and tanks in 
the knowledge base. They will be considered in detail later.  
The volumes of the outer hull without any appendage and 
pressure hull of the optimal solution are 2,413.23 m3 and 
1,952.41 m3 respectively. Since the reserve of buoyancy 
fraction closes to 15% of the volume of pressure hull 
(Burcher and Rydrill, 1995), considering free flood volume in 
the outer hull, the difference between the volumes of outer 
and pressure hull is proper. 
 
 
 
 
Fig. 22 The arrangement of the optimal solution. 
 
As shown in Fig. 23, the arrangement of trim and 
compensation tanks satisfies three extreme loading conditions 
due to the consumption of the variable loads. 
 
 
 
Fig. 23 Trim polygon of the optimal solution. 
 
 
 
 
CONCLUSIONS 
 
This study aimed to optimize an arrangement of ship 
compartments with knowledge-based systems. The 
conclusions which can be drawn from this study are these: 
 
x Ontology is available to represent the knowledge about an 
arrangement of ship compartments. 
x It is possible to optimize an arrangement of ship 
compartments with not only geometric data but also the 
knowledge. 
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